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Introduction
In the study of electron/positron-proton (ep) collisions, a precise estimation of the dilepton 1 production cross-sections in the electroweak (EW) interaction is important since it could become a significant background for various physics analyses such as, for example, exclusive J/ψ or Υ production and new physics searches. So far only the generator LPAIR [1] has been used in experimental analyses to estimate the dilepton background [2] . The calculation of LPAIR is based on the diagrams of the photon-photon collision process [3] , so-called two-photon Bethe-Heitler (2-γ BH), corresponding to the diagrams of Fig. 1 -(a) or Fig. 2 -(a) with the photon contribution only. This process is dominant in most of the phase space. It is, however, expected that in the region of low invariant masses of the dilepton system, QED-Compton type (CO) diagrams (i.e. photon internal conversion process) as seen in Fig. 1 -(b) and Fig. 2 -(b) become dominant. In the high mass region, there is an additional interesting process, i.e. Z 0 production, which is implemented in the MC event generator EPVEC [4] . EPVEC, however, does not include 2-γ BH nor CO diagrams. In the di-e channel, interference effects of the final state e − e − or e + e + should also be taken into account, which are included neither in LPAIR nor in EPVEC.
In this paper, a new MC event generator GRAPE-Dilepton for the dilepton production in ep collisions is presented. The FORTRAN code to calculate the Feynman amplitudes is generated by GRACE [5] which is an automatic calculation system. GRACE has been used mainly for e + e − interactions so far. This is the first time for GRACE to be applied to the case where there is a composite particle (i.e. proton) in the initial state. GRAPE stands for a GRAce-based generator for Proton-Electron collisions. This generator has the following features.
• The cross-section calculation is based on the exact matrix elements in the electroweak theory at tree level. Not only 2-γ BH but also the dilepton productions via γZ 0 and Z 0 Z 0 collisions are taken into account. CO and Z 0 on/off-shell production are also included. Interference effects of the final state e ± e ± are taken into account in the di-e channel. It is possible to select any sub-set of diagrams in the calculation.
• All fermion masses are kept non-zero both in the matrix elements and in the kinematics, which makes it possible to use this program with arbitrary small scattering angles of e ± and/or small invariant masses of dilepton down to the kinematical limits.
• The calculation of the proton vertex covers the whole kinematical region by dividing it into 3 categories of elastic, quasi-elastic and DIS (Deep Inelastic eq Scattering) processes, as described in the next section in detail.
• Both of Initial State Radiation (ISR) and Final State Radiation (FSR) can be included.
Physics aspects
This generator simulates the ep interaction: e
(in) and p (in) indicate the electron/positron and the proton in the initial state respectively, e ± and l + l − are the scattered electron/positron and the produced dilepton respectively.
The relevant processes are classified into 3 categories using the negative momentum transfer squared at the proton vertex (Q 2 p ) and the invariant mass of the hadronic system (M had );
where p e ± (in) and p p(in) are the 4-momenta of the incoming lepton and the proton after ISR, respectively. p e ± and p l ± are those of the scattered lepton and the produced leptons before FSR, respectively. The 3 categories are
where M p and M π 0 are the masses of the proton and the neutral pion, respectively. Q min is set to around 1 GeV depending on the Parton Density Function (PDF) used in the DIS process. The recommended value for M cut is 5 GeV.
For the elastic process, the diagrams in Fig. 1 are calculated with the following dipole form factor for the proton-proton-photon vertex (Γ µ ppγ ) with the on-shell proton. The general form of the elastic proton vertex can be written as
where e p indicates the electric charge of the proton, q is the 4-momentum transfer at the proton vertex (
are the 2 independent form factors, and κ p is the anomalous magnetic moment of the proton (see, for example, [6] .). The electric and magnetic form factors
, respectively are defined as follows,
Using the Gordon decomposition and the scaling law of the form factor,
the following formula which is used in this program is obtained,
where µ p = (1 + κ p )µ B , µ B is the Bohr magneton, and p p(out) indicates the 4-momentum of the scattered proton.
is calculated according to the formula of the dipole fit,
The only difference between the elastic and the quasi-elastic processes is the treatment of the proton vertex and the simulation of the hadronic final state. The quasielastic proton vertex can be described using the hadron tensor in the following form assuming parity and current conservation (for example, see [6] .),
p , M had ) are the electromagnetic proton structure functions. The hadron tensor is contracted with the lepton tensor L µν numerically to obtain
In this version, W 1 and W 2 are parameterized with Brasse et al. [7] for M had < 2 GeV (the proton resonance region), and with ALLM97 [8] for M had > 2 GeV. These two parameterizations are based on fits to the experimental data on the measurement of the total γ * p cross-sections. The exclusive hadronic final state is generated using the MC event generator SOPHIA [9] in the event generation step. For the DIS process with the Quark Parton Model, the diagrams in Fig. 2 are calculated. PDFLIB [10] is linked to obtain parton densities with Q 2 p as a QCD scale. The simulation of the proton remnant and the hadronization are performed by PYTHIA [11] . It should be noted that the lowest order calculation in this process is valid only for the region of
where p q(in) is the 4-momentum of the incoming quark. The value of u corresponds to the virtuality of the u-channel quark in the diagrams in Fig. 2 -(b),(c). When it is nearly or smaller than 25 GeV 2 , the lowest order calculation is not correct as explained in [4] since QCD corrections become large. In this case, the dilepton production should be treated as Drell-Yan process between the proton and the resolved photon from the beam lepton, which is not implemented in this program. The cut: u > 25 GeV 2 is explicitly applied in this program if the diagrams other than BH are included. The effect of ISR is included in the cross-section calculation using the structure function method described in [12] , where the momentum transfer squared on the beam lepton, i.e. {p e ± (in)
− p e ± } 2 is used as a QED scale. When ISR turns on, the correction for the photon self energy, i.e. the vacuum polarization, is included according to the parameterization in [13] by modifying photon propagators. FSR is performed by PYTHIA using the parton shower method when the event is generated. 
N means a (dissociated) proton or a nucleon resonance. 
Program structure
Physics events are generated with the 2 steps; the MC integration step by the executable: integ and the event generation step by the executable: spring, as illustrated in Fig. 3 . In both steps, the program is controlled by an ASCII file: grape.cards. The file is read by the executables with help of FFREAD [14] . The contents of grape.cards are explained in the next section.
In the integration step by the executable: integ, an effective total cross-section (in unit of pb) and probability distributions are calculated by BASES [15] . The results are stored in a file: bases.rz which has the Ntuple format provided by the HBOOK package [16] . At the same time, the information related to the convergency status of the integration is output into an ASCII file: bases.result.
In the event generation step by the executable: spring, unweighted events are generated. This is done by an routine: SPRING [15] according to the probability distributions in bases.rz. The results of the event generation are stored in the PYTHIA common block /PYJETS/. After filling /PYJETS/, spring calls a routine: USRSTR in which user specific procedures are put. Its template is found in the appendix. The event information in /PYJETS/ is also available in a Ntuple file: grp.rz.
The calculated cross-section is found in bases.result or at the end of the standard output from spring. The status of the event generation is output into an ASCII file: spring.result. Looking at the file, users should find a reasonable agreement between generated distributions by spring and calculated ones by integ. The procedure to make the executables is described in the README file.
Input data cards
The input data in grape.cards are explained in this section. All of the items are optional and are set to default values if not specified. Default values are written in the brackets starting with D=. The items are not explicitly displayed in case that they are the only one for their cards.
• KFLBEAM KF code of the lepton beam (INTEGER, D=-11); 11:electron, -11:positron. In case of di-µ, τ , the first and the second selections give the same result.
• ITMX1
Number of iterations in the grid optimization step of BASES. (INTEGER, D=4). This should be larger than 2.
• ITMX2
Number of iterations in the integration step of BASES (INTEGER, D=10). This should be larger than 5.
• NCALL Number of sampling points in each iteration of BASES (INTEGER, D=1000000). This should be large so that any accuracy of each iteration in the integration step of BASES is better than 0.5 %.
• NGEN Number of events to be generated by spring (INTEGER, D=100).
Printing a message per N mod events in the event generation (INTEGER, D=1000). − p e ± } 2 where p
is a 4-momentum of the incoming lepton after ISR.
Min = the minimum in GeV 2 (D=0.), Max = the maximum in GeV 2 (D=1.E20).
In case of di-e with e ± e ± interference, smaller one of the two Q 2 e values is used.
• Q2RNGOB Min Max
Range for the negative momentum transfer squared at the electron vertex Q is a 4-momentum of the incoming lepton before ISR. Min = the minimum in GeV 2 (D=0.), Max = the maximum in GeV 2 (D=1.E20).
• MHAD Min Max
Range for the mass of the hadronic system M had (REAL); Min = the minimum in GeV (D=1.08), Max = the maximum in GeV (D=1.E20). No effect on elastic events.
• Q2P Min Max
Range for the negative momentum transfer squared at the proton vertex Q The above 8 data cards are used for describing the detector cut in the laboratory frame (REAL). Each final state particle is required to satisfy the following, θ
where θ(degree), E(GeV), P (GeV/c) and P t(GeV/c) indicate polar angle, energy, momentum and transverse momentum, respectively. The default values correspond to not applying this cut.
• THPTMCT θ min θ max
• PTMXCT P t min P t max Using the above 2 data cards, final state leptons are required to satisfy the following (REAL), θ min < θ M < θ max AND P t min < P t M < P t max where P t M (GeV/c) indicates the maximum transverse momentum among the 3 final state leptons (e ± , l ∓ , l ± ), and θ(degree) is the polar angle of the lepton with
The default values correspond to not applying this cut.
• MASSLL Min1 Max1 Min2 Max2 Range for the mass of the produced dilepton system (REAL); Min1 = the minimum in GeV (D=0.), Max1 = the maximum in GeV (D=1.E20). In case of di-µ, τ , Min2 and Max2 are not used. In case of di-e with e ± e ± interference, there are two masses; M
e + e − ), and they are required to satisfy the following,
ee < Max2.
• MASSELL Min Max
Range for the mass of the final state lepton system of e ± l ∓ l ± (REAL); Min = the minimum in GeV (D=1.), Max = the maximum in GeV (D=1.E20).
• MASSQLL Min Max
Range for the mass of the scattered quark and produced dilepton system of q l + l − (REAL); Min = the minimum in GeV (D=5.), Max = the maximum in GeV (D=1.E20). This cut has an effect only on the DIS process. In case of di-e with e ± e ± interference, smaller one of the 2 values is used.
• 
: for produced l ± .
The above 6 data cards are used for describing the detector cut in the laboratory frame (REAL except for N visi :INTEGER). N visi particle(s) are(is) required to satisfy the following, θ
where θ(degree), E(GeV) and P t(GeV/c) indicate polar angle, energy and transverse momentum, respectively. As for N visi , D=-1, which corresponds to not applying this cut. The test run at the end of this paper is instructive for understanding this cut.
Summary
A new Monte Carlo generator for dilepton production in the framework of the electroweak theory was presented. The whole kinematical region on the proton vertex is covered. This generator can be used for quantitative and precise estimations of processes which come in addition to the two-photon Bethe-Heitler contributions. In case of the (quasi-)elastic process,
• a parton from the beam proton is the proton itself, i.e. the 1st and the 3rd lines are the same,
• the beam proton always makes no ISR, so that the 1st, 3rd and 5th lines are the same,
• the 2nd and the 4th lines are also the same.
In case of the DIS process with both ISR and FSR, all of the lines have different contents in general.
As for di-e events, there are 2 identical particles in the final state. In GRAPE, those 2 particles are distinguished in the following way;
• in case of e ± e ± interference off, a particle stored in the 8th line is a scattered lepton, and one in the 10th line comes from the 2-γ collision (i.e. a produced lepton),
• in case of e ± e ± interference on, a lepton stored in the 8th line has smaller transverse momentum than that of a lepton in the 10th line.
Appendix B. Routines/function related to users
• Function DRN(ISEED) provides uniform random numbers. All other random number routines are linked to this one. This routine is stored in the BASES library (libbases.a).
• Subroutine DRNSET(ISEED) performs an initialization for DRN(ISEED). This is also stored in libbases.a.
• Subroutine READ CARDS(LUN,filename) reads input data cards from grape.cards.
• Subroutine SETMAS provides masses/widths of particles and the QED coupling constant.
• Subroutine USRSTR(Ievt,Ngen) can be modified by users to access the information on generated events. User initialization/termination procedures are also put in this routine.
Appendix C. User event storing routine: USRSTR
This routine is called (N gen + 2) times where N gen is the number of generated events. The 1st call is for the user initialization and the last one for the user termination phase. The following is the template file prepared in the GRAPE package (usrstr.f).
integer Ievt, Ngen * Ngen : # of events to be generated * Ievt : Counter ---< 1 ===> Initialization phase 
-----------------------------------*---------Local variables ---------
integer LUN1, LUN2, LUN3 parameter (LUN1=41, LUN2=42, LUN3=43) * (You can use the above logical unit numbers.) *-----------------------------------******** Initialization of USER Event Storing ******* if (Ievt .LT. 1) then endif ***************************************************** ************* <<< USER Event Storing >>> ************ if ((Ievt .GE. 1).and.(Ievt .LE. Ngen)) then endif ***************************************************** ********* Termination of USER Event Storing ********* if (Ievt .GT. Ngen) then endif ***************************************************** return end
TEST RUN INPUT AND OUTPUT An example of the input data cards
One example is presented with the following condition;
• process :
• BH diagrams only,
• 70 % polarization of the e + beam in the direction of the proton beam,
for scattered q, θ > 10
2 of the following 3 requirements for the final state leptons are satisfied,
-for e + : 5
Following is the corresponding grape.cards. The same file is put in the directory sample. 1.E20 0. 
1.E20 C ------------

.E20 C ====================================================================== STOP
A part of the standard output from integ #################################################################### ##****************************************************************## ##**++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++**## ##* (abe@mail.desy.de) ++**## ##**++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++**## ##****************************************************************## #################################################################### Date: 0/ 4/12 21:29 ********************************************************** * coded by S.Kawabata KEK, March 1994 * **********************************************************
<<
Parameters for BASES >> 0.000000E+00 Step Loading bases.rz...
finished ---> BSRSLT: finished 1 ****************************************************************************** ****************************************************************************** ** ** ** ** ** *... ** ** The supersymmetry extensions are described in ** ** S. Mrenna, Computer Physics Commun. 101 (1997) 232 ** ** Also remember that the program, to a large extent, represents original ** ** physics research. Other publications of special relevance to your ** ** studies may therefore deserve separate mention. ** ** ** ** Main author: Torbjorn Sjostrand; Department of Theoretical Physics 2, ** ** Lund University, Solvegatan 14A, S-223 62 Lund, Sweden; ** ** phone: + 46 -46 -222 48 16; e-mail: torbjorn@thep.lu.se ** ** SUSY author: Stephen Mrenna, Physics Department, UC Davis, ** ** One Shields Avenue, Davis, CA 95616, USA; ** ** phone: + 1 -530 -752 -2661; e-mail: mrenna@physics.ucdavis.edu ** ** ** ** ** ******************************************************************************20 (string) 
